Four free-machining steels were fabricated by varying volume fractions of MnS and soft metal additives of Pb and Bi, and their microstructures, tensile properties, chip-forming properties, and dynamic torsional properties were analyzed. Machining and dynamic torsional tests were conducted on the four steels to investigate chip-forming and dynamic torsional properties, respectively. In the Pb-S-and Bi-S-based steels, the chip thickness and ridge area of the 1 st chip obtained from the machining test were smaller than in the S-based steels and were not changed much after repeated machining processes. These chip-forming properties were closely related with dynamic torsional properties. Dynamic maximum shear strains of the Pb-S-and Bi-S-based steels were higher than those of the S-based steels, while dynamic maximum shear stresses were lower, thereby leading to the relatively homogeneous dynamic shear deformation and to the better chip-forming properties and machinability.
I. INTRODUCTION
FREE-machining steels are plain carbon steels containing a number of metallic or non-metallic inclusions to improve machinability and are mainly used for automotive or precision machinery components. Typical examples of inclusions are MnS and soft metal additives such as Pb, Bi, Sn, and Sb. [1] [2] [3] [4] [5] These inclusions work as stress concentrators during machining processes, which promote the initiation and propagation of voids or microcracks at interfaces between inclusions and the steel matrix, and improve the machinability by reducing the force required for machining. They are often softened or melted during machining to act as lubricants at interfaces between chips and machining tools, thereby working for preventing the wear of tools. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The machining process of a free-machining steel is schematically drawn in Figure 1 , which shows shear deformation zones and crack formation processes by various inclusions. Here, the lubricating effect is generally achieved in the primary shear deformation zone, secondary shear flow zone, and machined surface layer. [1] Yaguchi [11, 12] reported that in low-carbon Pb-S-based free-machining steels, MnS inclusions indirectly influenced the formation of chips. Kishi et al. [1] investigated the roles of MnTe, MnS, MnSe, and Pb in freemachining steels during machining. MnS inclusions did not have lubricating effects by themselves, but had them by compounding with MnTe, MnSe, and Pb inclusions. Akasawa et al. [13] also investigated the effects of freemachining additives such as S, Ca, Cu, and Bi on machinability of austenitic stainless steels. Many studies of free-machining steels have been mainly focused on machining mechanisms under various machining conditions and on the roles of MnS or soft metal additives in machinability. Experimental methods are mostly based on observations of chips after machining, measurements of cutting force during machining, [10, 14, 15] and finite element method simulations. [16] [17] [18] However, machining tests generally require a lot of time and cost since hundreds of specimens are needed to be machined. Consensus on mechanisms of machinability improvement by inclusions has not been sufficiently achieved yet, although research on this area has been carried out for a long time. [3] This is because there are few appropriate experimental methods for directly evaluating or indirectly simulating chip-forming processes.
When a chip is formed by a machining tool, as shown in Figure 1 , the shear deformation is concentrated in a primary shear deformation zone (red-colored zone). [18, 20, 21] Shear stresses are applied mainly between a chip and a steel matrix under dynamic loading conditions because the machining is conducted during rotating the steel matrix at a high speed. Thus, chip-forming properties should be analyzed in consideration of dynamic shear deformation. In the present study, four freemachining steels were fabricated by varying volume fractions of MnS and soft metal additives of Pb and Bi, and their microstructures and tensile properties were evaluated. After machining tests, chips collected from the 1 st and 500 th machining samples were investigated and the results were analyzed by dynamic torsional test data. Using a torsional Kolsky bar, [22] the dynamic shear deformation behavior of the four free-machining steels was observed, and deformation mechanisms were investigated by focusing on how metallic or non-metallic inclusions affected the formation of adiabatic shear band. The results were then compared and related with those of chip-forming properties. These experiments enabled us to directly observe the chip-forming behavior and to correlate it with the fundamental results of dynamic shear deformation and industrially needed results of machinability.
II. EXPERIMENTAL
Chemical compositions of four free-machining steels are shown in Table I . Steels are named by amounts of S and soft metal additives of Pb and Bi, which are the main elements in steel compositions. The S-based steel containing 0.35 and 0.45 wtpct of S is referred to as ''3S'' and ''4S,'' respectively, the Pb-S-based steel containing 0.35 wtpct of S and 0.25 wtpct of Pb is referred to as ''3SP,'' and the Bi-S-based steel containing 0.45 wtpct of S and 0.15 wtpct of Bi is referred to as ''4SB.'' The 3S and 3SP steels are representative commercial free-machining steels (AISI 1213 steel and 12L14 steel, respectively) having good machinability by distributing MnS and Pb [melting temperature: 600 K (327°C)]. The 4S and 4SB steels were recently designed to have more MnS inclusions or to replace harmful Pb by an alternative soft metal additive of Bi [melting temperature: 544 K (271°C)]. C is another important element in free-machining steels. As the C content decreases, the machinability is improved in general. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Since an appropriate content of C is needed to achieve sufficient strengths required for the final products, the C content is controlled to be about 0.09 wtpct in this study (Table I) .
The 3SP steel bars (diameter: 25 mm) were commercially purchased, whereas the other three steel bars were produced by the following procedures. A bloom of 300 9 400 9 6400 mm in size made by continuous casting was homogenized at 1523 K (1250°C) for 5 h at a furnace and was rolled to make billets of 160 9 160 mm in crosssectional area. The billets were maintained at 1473 K (1200°C) for 3 hours and were hot rolled and cold drawn to produce bars of 25 mm in diameter.
The fabricated 25-mm-diameter bars were sectioned in parallel to the rolling direction, polished, and etched in a nital solution. The center regions were observed by an optical microscope and a scanning electron microscope (SEM; model: JSM-6330F; JEOL, Japan). Five optical micrographs at least were taken at various magnifications, from which volume fractions of ferrite, pearlite, and MnS inclusion were measured by an image analyzer (model: SigmaScan Prover. 4.0; Jandel Scientific Co.).
The machining test was conducted on the basis of conventional machining conditions of final machined products (cutting speed: 100 m/min; feed rate: 0.2 mm/ rev.; cutting depth per pass: 1 mm; cutting condition: A torsional Kolsky bar was used for the dynamic torsional test. Thin-walled tubular specimens had a gage length of 2.5 mm and a gage thickness of 280 lm as shown in Figure 2(a) , and the specimen axis was parallel to the rolling direction. The torsional Kolsky bar consisted of a pair of 2-m-long aluminum alloy bars with a diameter of 25.4 mm (Figure 2(b) ). In the dynamic torsional test, a certain amount of torque was stored between a clamp and a dynamic loading pulley, and then the clamp was fractured, at which time an elastic hear wave was momentarily transmitted into the 
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Unit : mm specimen, deforming it. In this process, incident wave, reflected wave, and transmitted wave were detected at strain gages and were recorded at an oscilloscope.
Among the recorded wave signals, average shear strain expressed as a function of time, c(t), was measured from the reflected wave, while shear stress, s(t), was measured from the transmitted wave. A dynamic shear stressshear strain curve was obtained from these c(t) and s(t) by eliminating the time term. Shear strain rate during the test was about 2.5910 3 s À1 at room temperature. Detailed descriptions of the dynamic torsional test are provided in references. [23] [24] [25] [26] The deformed area (central area of the gage section) beneath the fracture surface of the dynamically fractured specimen was observed. Table II . These steels have similar volume fractions of pearlite (about 5 pct) since their carbon contents are almost the same. The volume fractions of MnS of the 4S and 4SB steels are higher by about 1 pct than those of the 3S and 3SP steels, which is correlated with the content of S in Table I . Soft metal additives such as Bi are found in the 4SB steel as shown in a non-etched SEM micrograph of Figure 3 (e), whereas Pb is hardly observable in the 3SP steel. The presence of Bi was identified by energy dispersive spectroscopy (EDS) analysis. Bi exists mostly around MnS inclusions, and it is likely that it does not affect the size and volume fraction of ferrite and pearlite.
III. RESULTS

A. Microstructures and Tensile Properties
Room-temperature tensile stress-strain curves of the four steels are presented in Figure 4 , from which yield strength, ultimate tensile strength, and elongation are summarized in Table III . Most of tensile data, i.e., of yield strength, ultimate tensile strength, and elongation, are not varied much in the four steels, while the strengths of the 4S and 4SB steels are somewhat lower than those of the 3S and 3SP steels. These results suggest that microstructures and tensile properties of the four free-machining steels are similar with small deviations. st chip is similar at about 190 lm in all the steels and increases after the 500 th machining (Figure 6(a) ). The increased amount of thickness of the 500 th chip is larger in the 3S and 4S steels than in the 3SP and 4SB steels. The larger variation of chip thickness in the 3S and 4S steels can also cause the deterioration of the precise dimensions and surface qualities of the final machining samples.
B. Chip-Forming Properties
Ridges of the 1 st chip of the 3S and 4S steels are large and irregular, whereas those of the 3SP and 4SB steels are somewhat small and regular as shown in Figures 5(a) through (d). The width and height of ridges of the 1 st chip are 60 to 100 lm and 18 to 30 lm, respectively, but increase as the machining time increases (Figures 6(b) and (c)). The increased amounts of width and height of the ridges of the 500 th chip are larger in the 3S and 4S steels than in the 3SP and 4SB steels. This indicates that the data of ridge width and height are matched with those of chip thickness. It also suggests that the soft metal additives contained in the 3SP and 4SB steels make the thickness and shape of chips homogeneous, which can improve the chip-forming properties.
C. Dynamic Torsional Properties
Figures 7(a) through (d) show dynamic shear stressshear strain curves of the four steels, in which the deformation stages dynamic maximum shear stress and dynamic maximum shear strain points are marked. According to the dynamic torsional results of an AISI 1018 cold-rolled steel (composition: Fe-0.18C-0.71Mn-0.02P-0.022S (wtpct)) of Duffy et al., [24] the dynamic torsional deformation develops in the following three stages: (1) homogeneous deformation stage before reaching dynamic maximum shear stress (stage I), (2) inhomogeneous deformation stage starting from the dynamic maximum shear stress point (stage II), and (3) initiation and development stage of an adiabatic shear band due to shear localization (stage III) as shown in Figure 7 (e). In the last stage, the radical temperature rise accompanies the adiabatic shear band formation. [24] [25] [26] [27] [28] In general, the dynamic maximum shear stress where the inhomogeneous stage commences is generally considered as a starting point of the adiabatic shear band initiation. It is interesting to note that the dynamic shear stress-shear strain curve of the AISI 1018 cold-rolled steel is similar to those of the four free-machining steels, which are divided by three deformation stages. In all the dynamic shear stress-shear strain curves, the strain hardening is hardly observed, which might favorably work for machinability of free-machining steels by reducing cutting forces of tools.
From these dynamic shear stress-shear strain curves in Figures 7(a) through (d) , the dynamic maximum shear stress (s max ), strain at the dynamic maximum stress point, and dynamic maximum shear strain (c max ) are measured, as summarized in Table IV . The dynamic 4 maximum shear stress and the strain at the dynamic maximum stress point are similar in the range of 440 to 455 MPa and 22 to 28 pct, respectively, in all the steels, but the dynamic maximum shear strain increases in the order of 4S, 3S, 3SP, and 4SB steels. Particularly in the 4SB steel, the dynamic maximum shear strain is very high above 100 pct as the areas of stage II and III are largely widened (Figure 7(d) ), while the area of stage I is similar to that of other steels. A typical adiabatic shear band at which plastic deformation is highly localized in a narrow region is observed in the fractured specimen of the 3S steel (Figure 8(a) ). The adiabatic shear band is about 100 lm wide as marked by a dotted arrow, and the boundary between the adiabatic shear band and adjacent matrix is not clearly defined because of serious deformation inside the adiabatic shear band. Concentrated plastic flows are evident at the edges of the adiabatic shear band as flow striations, observed previously by other researchers. [27, 28] The width of the adiabatic shear band roughly corresponds to half of the width of the overall adiabatic shear band formed at the gage center. Pearlite grains are severely elongated and thinned along the shear direction, and ferrite grains are also considerably deformed. In the specimen of the 3SP steel, pearlite and ferrite grains are elongated along the shear direction, and the shear deformation is observed in a broad area of 200 lm in width (Figure 8(b) ). The dynamic torsional behavior of the 4S and 4SB steels follows the trend of the 3S and 3SP steels, respectively, as overall plastic flows are similar to each other (Figures 8(c)  and (d) ). In the 4SB steel, the relatively homogeneous deformation occurs even near the fractured surface region, and the shear band width is quite large at about 700 lm.
Concentrated plastic flows can also be evaluated by the angle between the plastic flow direction and original pearlite band direction, as indicated by white lines in Figures 8(a) through (d) . The measured angles of the 3S, 4S, 3SP, and 4SB steels are 20, 22, 27, and 40 degrees, respectively, and this increasing trend is well matched with the data of dynamic maximum shear strain (Table IV) .
IV. DISCUSSION
A. Effects of MnS Inclusions and Soft Metal Additives on Dynamic Torsional Properties
The present free-machining steels have similar tensile properties because their microstructures composed of ferrite, pearlite, and MnS inclusion are similar, but dynamic torsional properties (dynamic maximum shear stress and strain) and chip-forming properties are varied with the amount of S, Pb, and Bi, which suggests that the major factors affecting dynamic torsional properties and chip-forming properties are MnS inclusions and soft metal additives. MnS inclusions homogeneously distributed inside free-machining steels act as initiation sites of microcracks, reduce forces required for machining, and play a role in improving the machinability. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Figures 9(a) and (b) show optical and SEM micrographs of the sectioned interior region of the dynamically fractured torsional specimen of the 4SB steel. Many MnS inclusions located near the fracture surface are broken into small pieces to form voids, although MnS inclusions distant from the fracture surface are not cracked (Figure 9(a) ). This indicates that MnS inclusions work as microcrack initiation and propagation sites or paths (Figure 9(b) ). Mann and Chao et al. [29, 30] reported that MnS inclusions could act as hard phases blocking the deformation under dynamic shear loading conditions, thereby raising shear stresses. This result supports the higher dynamic maximum shear stress in the 4S steel containing more MnS inclusions than in the 3S steel (Table IV) .
In order to understand dynamic torsional properties, the effects of soft metal additives as well as MnS inclusions should be analyzed in detail. The main mechanisms for improving machinability by soft metal additives are classified into the following four issues [3] : (1) lubrication reactions of soft metal additives between chips and tools, (2) melting or softening of soft metal additives by deformation heat, (3) roles of soft metal additives as stress concentrators, and (4) and Bi generally included in conventional free-machining steels are distributed mostly near MnS inclusions. [1] [2] [3] [4] [5] [6] [7] [8] During the dynamic torsional test, like during machining processes, deformation heat generated inside the specimen rapidly raises the temperature of the central area of the gage section where an adiabatic shear band is , and (e) cold-rolled AISI 1018 steels. [19] Dynamic shear stress-shear strain curves are divided by three stages: (1) homogeneous deformation stage (stage I), (2) inhomogeneous deformation stage starting from the dynamic maximum shear stress point (stage II), and (3) initiation and development stage of an adiabatic shear band due to shear localization (stage III), as colored by yellow, green, and light blue, respectively. The dynamic maximum shear stress and shear strain points are marked by red circles (Color figure online).
formed by the shear localization. Hartley et al. [27] measured the temperature rise during the dynamic torsional test of an AISI 1018 cold-rolled steel to be about 513 K to 713 K (240°C to 440°C), which is higher than the melting points of Pb or Bi. In the present machining-free steels, it is readily expected that Pb or Bi is sufficiently melted during the dynamic torsional deformation, which can help smooth plastic flows and reduce the shear localization of the central area of the gage section. In fact, in the 3SP and 4SB steels containing Pb or Bi, the dynamic shear deformation is relatively homogeneous in a broad area of 200 lm or wider, and the angle between the plastic flow direction and the original pearlite band direction is larger than that of the 3S or 4S steel (Figures 8(a) through (d) ). The 3SP steel has a narrower adiabatic shear band width than the 4SB steel, although it contains a larger amount of soft metal additives (Table I) . This is because Pb might not be sufficiently melted as the melting temperature of Pb [600 K (327°C)] is higher than that of Bi [544 K (271°C)]. These soft metal additives play an important role in increasing the dynamic maximum shear strain by activating plastic flows and in decreasing the dynamic maximum shear stress (Table IV) by facilitating deformation due to the addition of metal melt. This can improve the tool life by reducing the tool wear and also helps to maintain a good surface finish of the machining samples.
B. Mechanisms of Improvement of Dynamic Shear Strain by Soft Metal Additives
In order to investigate reasons for the increased dynamic maximum shear strain in the 3SP and 4SB steels containing soft metal additives (Table IV) , how deformation and fracture mechanisms under dynamic torsional loading are different from those under quasistatic tensile loading should be understood. Under quasi-static tensile loading, soft metal additives cause a reduction in strength (Table III) as they act for the weakening of inclusion/matrix interfaces. During the dynamic shear deformation in which dynamic shear loads are applied and hydrostatic stresses are not reacted, void initiation, growth, and coalescence, which are generally observed under a triaxial stress state of the tensile test, are hardly found, while shapes are mainly changed. [1, 2] Voids or microcracks can be formed by MnS inclusions or soft metal additives, but their growth or propagation might be difficult under dynamic torsional loading. This results in the relatively continuous deformation without early failure and the increase in dynamic maximum shear strain (Table IV) .
Interactions between soft metal additives and ferritepearlite matrix and between soft metal additives and MnS inclusions are major microstructural reasons for increasing dynamic maximum shear strain. Pb and Bi reduce flow stresses as soft phases the hardness of which is much lower than the ferrite. Particularly under dynamic torsional loading, the specimen can be relatively continuously deformed because plastic flows facilitated by decreasing flow stresses reduce the shear localization. Adiabatic shear bands are also formed wide, which results in the increase in dynamic maximum shear strain. Figures 10(a) and (b) show the relations among dynamic maximum shear strain, width of adiabatic shear band, and angle between plastic flow direction and original pearlite band direction. The dynamic maximum shear strain increases with increasing width of adiabatic shear band or angle of plastic flow. It is noted that the width of adiabatic shear band and the angle of plastic flow of the 4S steel are similar to those of the 3S steel and that they are smaller than those of the 4SB steel. This suggests that soft metal additives are more effective in easy plastic flows under dynamic torsional loading than MnS inclusions. The interaction between soft metal additives and MnS inclusions acts as another microstructural mechanism for increasing dynamic maximum shear strain. Figures 11(a) and (b) show MnS inclusions and Bi observed in the sectioned interior region of the dynamically fractured torsional specimen and the chip collected from the 500 th machining sample of the 4SB steel. During the dynamic torsional test, Bi is melted and infiltrates into microcracks formed at or near MnS inclusions (Figure 11(a) ), which might reduce the interfacial friction between MnS and ferrite matrix. Here, Bi is severely elongated, while MnS inclusions keep their shape or are slightly elongated. In the chip, severely elongated Bi is observable near MnS inclusions (Figure 11(b) ), like in the dynamically fractured torsional specimen, while MnS inclusions are cracked, which confirms that the chip-forming behavior is similar to the dynamic torsional deformation behavior. Ramalingam et al. [31] calculated the deformation index of MnS inclusions in S-based and Pb-S-based freemachining steels and reported that Pb was mostly responsible for the plastic deformation as the deformation of MnS inclusions was restricted by the coupling effect of MnS and Pb. In the processes of dynamic torsional testing and chip forming of the 4SB steel, a considerable amount of deformation is caused by the presence of Bi. Bi restricts the initiation and growth of microcracks formed at MnS inclusions and consequently delays the final failure by compensating the brittleness of MnS inclusions.
C. Correlation Between Dynamic Torsional Properties and Chip-Forming Properties
Chip-forming properties such as chip thickness, ridge width, and ridge height are mostly determined by stresses and strains required from the machining. The thickening of chips during the repeated machining process is associated with the formation of built-up edge (BUE) around a tool tip, the smoothening of a tool tip due to the wear of a tool, and the widening of shear deformation zone (Figure 1 ) [18, 20, 21] , which usually require high cutting forces of tools. Figure 12(a) shows the relation between the increased amount of chip thickness and dynamic maximum shear stress. In the 3SP and 4SB steels, the chip thickness is not changed much, and the dynamic maximum shear stress is low, whereas increased amount of chip thickness and high dynamic maximum shear stress are found in the 3S and 4S steels. Since dynamic maximum shear stresses have a close relation with stresses required for the machining, the variation in chip thickness decreases with decreasing dynamic maximum shear stress or machining stress, which can favorably produce components requiring precise dimensions and low surface roughness. In addition, appropriate free-machining steels can be selected prior to the actual machining by conducting a dynamic torsional test.
As shown in Figures 6(b) and (c), the width and height of chip ridges increase during the repeated machining process. This indicates that the machining is not homogeneously applied to chips, which often results in the deterioration of precise dimensions and surface roughness of machining samples. When the BUE is formed or the tool tip is smoothened by the tool wearing, the shear deformation zone is expanded, and the width and height of chip ridges are enlarged because increased stress is required for the machining. The area of the chip ridge (1/2 9 ridge width 9 ridge height) is plotted in Figure 12 (b) as a function of dynamic maximum shear stress. The ridge areas of the 1 st and 500 th chips are larger in the 3S and 4S steels than in the 3SP and 4SB steels and are linearly proportional to dynamic maximum shear stress. The 3S and 4S steels having the larger ridge area and chip thickness require a higher dynamic maximum shear stress or cutting force for the machining than the 3SP and 4SB steels. The lower cutting force leads to the facilitated plastic flow and to the homogeneous transfer of shear stress from the tool tip to the machining sample.
The present study on the correlation between chipforming properties and dynamic torsional properties in free-machining steels containing metallic and non-metallic inclusions is a good way to investigate the chip-forming behavior and to find effects of metallic and non-metallic inclusions on improvement of chip forming and machining. It can also be useful to understand the dynamic torsional behavior and to suggest optimal chip size and shape for improving machinability. In fact, considering that machining tests require a lot of testing time and cost for hundreds of specimens, the present research idea can provide optimum chip-forming or machining data for steel components having similar microstructures and quasi-static tensile properties. In particular, the optimization of dynamic maximum shear stress and shear strain obtained from the dynamic torsional test plays an important role in the continuous machining process. This dynamic torsional test can be recognized as an economic way to reduce testing time and cost and to expand the applicability to the machining because it can provide important data for improving the machinability. Since only a few free-machining steels containing different metallic and non-metallic inclusions are compared in this study, the microstructures of various free-machining steels fabricated with various inclusions and their amounts are yet to be analyzed and a more fundamental correlation study between microstructures and chipforming mechanisms is to be investigated in the future.
V. CONCLUSIONS
Four free-machining steels were fabricated by varying volume fractions of MnS and soft metal additives of Pb and Bi, and their microstructures, tensile properties, chip-forming properties, and dynamic torsional properties were analyzed. 1) Microstructures of the four free-machining steels consisted of ferrite, pearlite, and MnS inclusion, and the volume fractions of MnS increased with increasing content of S. A small amount of soft metal additives of Pb and Bi existed mostly around MnS inclusions and did not affect volume fractions of ferrite, pearlite, and MnS inclusions. 2) In the Pb-S-and Bi-S-based steels, the chip thickness and ridge area of the chip obtained from the machining test were smaller than in the S-based steels and were not changed much even after repeated machining processes. The increased amount of chip thickness and ridge area of the chip was linearly proportional to dynamic maximum shear stress obtained from the dynamic torsional test. 3) According to the dynamic torsional test results, dynamic maximum shear strains of the Pb-S-and Bi-S-based steels were higher than those of the S-based steels, while dynamic maximum shear stresses were lower. In the Pb-S-and Bi-S-based steels, the dynamic shear deformation was relatively homogeneous, and adiabatic shear bands were formed widely (width: 200 lm or larger) at the central area of the specimen gage section. 4) MnS inclusions homogeneously distributed inside free-machining steels acted as initiation sites of microcracks, decreased forces required for machining, and played a role in improving the machinability. During the dynamic torsional deformation or chip forming, Pb and Bi were melted and infiltrated into microcracks formed at MnS inclusions, which might reduce the interfacial friction between MnS and steel matrix and additionally improve the machinability. 5) The machinability in free-machining steels could be evaluated by dynamic torsional properties closely related with chip-forming properties. The Bi-Sbased free-machining steel had the lowest dynamic maximum shear stress and the highest dynamic maximum shear strain, thereby leading to the best chip-forming properties and machinability.
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